Geological background
The Upper Jurassic sandstones in the Danish Central Gra ben were deposited as part of the synrift sedimentation associated with Late Jurassic rifting of the area. Sedimenta tion was dominated by mudstones of the Lola and Farsund formations, with local and episodic deposits of intercalated
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sandstones (Andsbjerg & Dybkjaer 2003; Johannessen 2003 ; Fig. 1 ). The Heno Formation, deposited between the Lola Formation and the Farsund Formation, is subdivided into the Gert and Ravn members, and is intersected locally by the Lola Formation. The Gert Member consists of mainly estuarine and backbarrier sandstones, while the Ravn Mem ber comprises mainly shoreface sandstones. Both units were deposited in the central part of the Danish Central Graben (Fig. 1) . The Farsund Formation sandstones comprise shore face sandstones deposited along the Mid North Sea High ('Outer Rough Sand' in Fig 1) and deep marine gravityflow sandstones along the Coffee Soil Fault (Fig. 1) . Since deposi tion, the Upper Jurassic sediments in the Danish North Sea area have been progressively buried to a maximum depth of 5400 m and temperatures of 160°C (Weibel et al. 2019) .
Methods
Samples were selected from cores of 21 wells penetrating Up per Jurassic sandstones in the Danish Central Graben (Fig.  1 ). Plugs were taken perpendicular to the cores, including in one deviated well, and thin sections were made from plug cutoffs. A total of 234 polished thin sections were studied by optical microscopy and by scanning electron microscopy (SEM). The relative mineral abundances are assigned as follows: Dominant (>50%), abundant (15-50%), common (5-15%), minor (1-5%) and rare (<1%). Analyses of crystal 
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morphologies and paragenetic relationships were performed on goldcoated rock chips by SEM. Relative chemical com positions of mineral phases were obtained using an energy dispersive Xray spectrometer. Plug porosity and perme ability were measured according to the API RP40 standard (API 1998). Porosity and permeability measurements were performed on sandstones of the Heno Formation and from the 'Outer Rough Sand' of the Farsund Formation, only.
Results
Detrital composition: In general, quartz grains dominate (>50%) the detrital composition of the Upper Jurassic sand stones, though some samples contain abundant-dominant (i.e. >15%) calcite shell fragments. Feldspar, comprising both Kfeldspar and albite, varies in abundance from rare (<1%) to common (5-15%). Mica rock fragments, organic matter and biogenic particles such as sponge spicules ( Fig. 2A ) and shell fragments are generally rare or minor (1-15%) constituents. Heavy minerals such as rutile, zircon, chromite, apatite, Fe Tioxides and tourmaline are rare. Detrital clays are present in varying amounts. Diagenetic changes: Early diagenetic (eogenesis) cement in cludes pyrite, sporadic anatase, cryptocrystalline and micro crystalline quartz coatings. The coatings are occasionally associated with mouldic porosity -a form of secondary po rosity formed by the dissolution of siliceous sponge spicules. We also observed chlorite coatings in samples with detrital volcanic particles, pores filled by calcite cement in samples with abundant detrital carbonate particles and secondary porosity from the dissolution of feldspar and kaolinite. Later diagenetic (mesogenesis) phases include illite, rare feldspar overgrowths, and dolomite and ankerite overgrowths on detrital carbonate clasts. Also observed were quartz over growths, latepatchy calcite cement, rare siderite, barite and sphalerite.
Siliceous authigenic phases: Microcrystalline quartz coat ings are observed in a number of wells (Fig. 1) . Microquartz typically occurs as a coating on detrital quartz grains (Figs.  2C, D) , and as a coating on detrital carbonate grains in sand stones from the NW Adda1 well. Cryptocrystalline quartz is observed between the detrital grains and the microquartz coating as shown in Fig. 2C . Sponge spicules, replaced by the quartz variant chalcedony, and mouldic porosity after dis solved sponge spicules are occasionally present in samples with microquartz coatings (Figs 2A, B) . Microcrystalline silica is very abundant and has lithified the sandstones from the Tabita1 and Deep Adda1 wells, which contain abun dant siliceous sponge spicules. Quartz overgrowths vary in size from discrete incipient overgrowths, which may have started as small outgrowths, to large interlocking quartz ce mentation as in sandstones from the Gert1 well (Fig. 2D) . 
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3). Microquartz coatings are restricted to shoreface and grav ityflow sandstones, whereas microquartz coatings are absent in sandstones deposited in backbarrier, estuarine and tidal environments (Fig. 3) . Porosity variation: Sandstones of the Heno Formation generally plot with relatively high porosities when compared to the regional mean porositydepth trends given by Selley (1978) and Bjørkum et al. (1998) (Fig. 4) . Samples with micro quartz, shallower than 4.6 km, have overall porosi ties of 20.7% ± 8.0, compared with 12.2% ± 5.6 for samples without microquartz. Many samples deeper than 4.6 km also show relatively high porosities compared to regional trends, even though microquartz is rarely observed in these sand stone samples (Weibel et al. 2019) .
Discussion
The porosity of the Upper Jurassic sandstones shows large variations at all depths (Fig. 4) , though there is a general trend towards lower average porosity at increased depth. Microquartz has a positive influence on porosity preserva tion in sandstones from depths ≤4.6 km, which is the maxi mum depth of observed microquartz in The Danish Central Garben. This is due to a combination of mechanical stabili sation of the sandstone and inhibition of quartz cementation (Aase et al. 1996; Jahren & Ramm 2000; Bonnell et al. 2006; Lander et al. 2008) . The porositypreserving effect of mic roquartz coatings is particularly pronounced when the indi vidual crystals are randomly orientated. Whereas coatings with a consistent crystallographic orientation can become overgrown by macroquartz (e.g. Weibel et al. 2010; French et al. 2012; French & Worden 2013) .
The presence of microquartz coatings surrounding moul dic porosity after dissolved sponge spicules (Fig. 2B ) suggests a close relationship, which is in line with previous studies by Hendry & Trewin (1995) and Maast et al. (2011) , suggest ing that microquartz coatings in the North Sea are sourced from dissolved silicous sponge spicules. In the Upper Juras sic sandstones of the Danish Central Graben, microquartz coatings are restricted to sandstones deposited in gravity flow and shoreface environments (Ravn Member and Far sund Formation), while microquartz is absent in sandstones deposited in backbarrier and estuarine environments (Gert Member) . This corresponds to the preferred marine habi tats of silica sponges (demosponges) during the Late Jurassic (Leinfelder et al. 1996) . Demosponges are filter feeding or ganisms that consume predominantly nanoplankton, which decrease in abundance with depth, and hence, demosponges preferentially occur in shallow marine, middle and outer ramp environments (Leinfelder et al. 1996) . As the sponges colonised the sea floor, died and disintegrated, the 'skeletal' spicules, would have been released into the environment. Sponge spicules from the shoreface environments could have been carried to deeper waters along with sand grains by gravity flow, similar to the interpretations of the Cretaceous sandstones in the UK North Sea (Hendry & Trewin 1995) .
Microquartz coatings are only observed in sandstones buried no deeper than than 4.6 km (Fig. 4) , corresponding to maximum temperatures of c. 150 o C assuming a geothermal gradient of 33 o C km -1 (Evans 2003) . This may be explained by increasing temperatures making larger quartz crystals in continuous overgrowths thermodynamically more stable (Williams et al. 1985) . Microcrystalline quartz formed at a low temperature may coarsen during increased burial to form a thermodynamicaly stable crystal, but this thermodynamic drive is less likely to have promoted coarse microquartz crys tals (c. 5-10 µm) to be dissolved and replaced by syntaxial overgrowths (William et al. 1985; Hendry & Trewin 1995; Jahren & Ramm 2000) . The deeper buried sandstones prob ably never developed significant amounts of microquartz or other early diagenetic phases, such as opalCT, or zeolite protected the grain surfaces and were later dissolved during increased burial, thereby exposing the grain surfaces for mac roquartz nucleation (e.g. Hendry & Trewin 1995; Weibel et al. 2010 Weibel et al. , 2019 . Expected porosity (Selley 1978) Expected porosity (Bjørkum et al. 1998) Fig. 4. Porosity vs. depth for samples with (white dots) and without (black bots) microquartz. Also shown are estimated or predicted porositydepth curves according to Selley (1978) and Bjørkum et al. (1998) .
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Conclusions
Microquartz coatings in Upper Jurassic sandstones of the Danish Central Graben are confined to offshore gravity flows and shoreface sandstones, and absent in sandstones deposited in backbarrier and estuarine environments. In the samples presented here, chalcedonic sponge spicules and mouldic porosity after sponge spicules often coincide with the presence of microquartz coatings. This observation supports the idea that the presence of microquartz is deter mined by silica sponge habitats and depositional processes. Improved understanding of the depositional environments likely to concentrate siliceous sponge spicules would enable prediction of sandstone reservoirs that contain microquartz coatings and exceptionally high porosity and permability.
